Introduction
The 7050 Al alloy has extensively been used in the aerospace industry because of its good mechanical properties. The alloying composition has been modified, and the grain size has been refined through severe plastic deformation (SPD) in order to improve the mechanical properties and make the alloy operable in severe conditions. This ultrafinegrained structure has received considerable attention because it exhibits high strength along with good ductility and toughness. Equal channel angular pressing (ECAP) has extensively been studied as a prominent production method for ultrafine-grained bulk metallic materials. [1] [2] [3] [4] [5] However, this method has a few intrinsic drawbacks because it is usually a discontinuous process that is not applicable for the deformation of metallic sheets or strips. In previous studies, a novel continuous shear deformation process called equal channel angular rolling (ECAR), which is applicable to sheet or strip materials, was developed. [6] [7] [8] In general, the 7050 Al alloy has two types of precipitates, large plate-type MgZn 2 and fine spherical Al 3 Zr, which are produced through aging treatment after quenching from the solution temperature. [9] [10] [11] [12] The effects of the precipitates on the microstructural evolution of the 7050 Al alloys were examined during equal channel angular rolling (ECAR), where the Al alloys were processed using ECAR after aging, and the resulting particles, such as MgZn 2 and Al 3 Zr, were precipitated before ECAR. 13) However, a few studies have reported that applying severe plastic deformation between the quenching and aging processes induced the formation of a nanocrystalline structure and enhanced strength in similar age-hardening-type Al alloys. [14] [15] [16] [17] Up to now, many research works have been performed on the aging effects in Al alloys subjected to the ECAP. However, there was no any comparison study on the effects of pre-ECAP and post-ECAP agings on the microstructure and mechanical properties in Al alloys, even though aging is a very significant heat-treatment process in order to improve the mechanical properties in 7050 Al alloys.
In this work, before the ECAR process, a 7050 Al alloy sheet was solution-treated, quenched in water, and then after the ECAR, the alloy sheet was aged using two-step heattreatments. The current results were compared to the results that were obtained during previous work for the 7050 alloy that was aged before the ECAR.
13)

Experimental Procedure
A commercial wrought 7050 Al alloy with a chemical composition of Al-6.42Zn-2.21Mg-2.14Cu-0.12Zr (mass%) was used in this study. For the sample preparation, 5 mmthick 7050 Al alloy strips were hot-rolled at 476 C into 1.0 mm-thick sheets, and then the sheets were cut into 70 (w) Â 1.0 (t) Â 300 (l) mm 3 samples. First, the prepared sample was subjected to a solution treatment (476 C for 2 h) and quenched with water. Then severe plastic deformation was provided through three ECAR passes with the same feeding direction between the adjacent passes (route A [18] [19] [20] [21] ). In Fig. 1 , the ECAR equipment that was used in this experiment caused an effective strain of $0:6 on each pass. 22) After the ECAR, a two-step aging process, consisting of a first-step aging at 120 C for 24 h and second-step aging at 168 C for 8 h, was performed in order to precipitate the fine particles, such as MgZn 2 , inducing a nanocrystalline structure. Additionally, a separate secondstep aging at 340 C for 1 h was attempted for the first-stepaged sample in order to investigate the effect of the aging temperature on the microstructure.
The microstructure was examined using a transmission electron microscope (TEM), with thin foils that were prepared through twinjet electro-polishing in a 30% nital solution (methanol 700 ml + nitric acid 300 ml). The Vickers micro-hardness (H v ) of each sample was measured by imposing a load of 200 g for 10 s in order to estimate the effects of the post-ECAR aging.
Results and Discussion
Microstructure
Figures 2(a)-(c) are the representative TEM micrographs of the sample that was first-step-aged at 120 C after three post-quench ECAR passes. The alloy had a nanocrystalline structure with a mean grain size of $70 nm ( Fig. 2(a) ). The ring-like shape of the selected area diffraction pattern (SADP) confirmed the high misorientation angle for the observed nano-sized grains. However, no distinct grain morphology was observed in some regions of the same specimen, except for tangled dislocations (Fig. 2(b) ). Therefore, in the SADP, these distinct spots showed that the observed area did not consist of grains with a high misorientation angle and was still unresolved into nanosized grains. Fine MgZn 2 precipitates with sizes of less than 50 nm were observed in the dark field image (Fig. 2(C) ). This behavior was dissimilar to the pre-ECAR aged specimen. In Figs. 3(a)-(b) , two types of precipitates, large plate-type MgZn 2 and fine spherical Al 3 Zr, evolved before the ECAR in the pre-ECAR aged specimen, and these MgZn 2 precipitates fragmented with an increasing number of ECAR passes. 13) The population of the nano-sized grains increased after the second-step aging at 168 C for 8 h, and most of the observed area was covered by the nanocrystalline structure with a grain size varying from 60$150 nm (Fig. 4(a) ). Additionally, the MgZn 2 precipitates (Fig. 4(b) ) were slightly coarser compared to the first-step-aged state (Fig. 2(c) ). From these results, the nanocrystalline structure with a mean grain size of $100 nm was produced through aging the wrought 7050 Al alloy sheet that was subjected to post-quench ECAR. Zheng et al. showed that the grain refinement mechanism involved the cutting of the initial grains by shear bands and the recrystallization at a certain strain and temperature. 17) However, in this work, the mechanism was examined in terms of the grain boundary pinning by the fine precipitates. Figures 3(c)-(d) show that a mean grain size of about 600 nm was obtained from the pre-ECAR aged 7050 Al alloy. This mean grain size was higher than the values that were obtained in the post-ECAR aged one. The TEM micrographs in Fig. 3(c) and Fig. 5 show the differences between the two samples. In the pre-ECAR aged sample, the coarse MgZn 2 precipitates that were fragmented through ECAR blocked the grain boundaries. On the other hand, for the sample that was aged after ECAR, the grain boundaries in the nanocrystalline structure were pinned by the fine MgZn 2 precipitates (Fig. 5(b) , marked by arrows) which blocked the grain boundary motion. Therefore, the fine MgZn 2 precipitates that were generated through post-ECAR aging more effectively created the nanocrystalline structure than the coarse particles that formed during the pre-ECAR aging process.
The second aging step was carried out at a higher temperature of 340 C for 1 h in order to demonstrate the effect of the aging temperature on the grain structure, and Fig. 6 shows the representative TEM image at this condition. Nano-sized grains no longer existed as the grain size increased to over 1 mm. From these results, therefore, it was known that the post-ECAR aging is more effective on the reducing the subgrain size to less than 100 nm than the pre-ECAR aging because the fine MgZn 2 precipitates produced during post-ECAR aging pinned the grain boundaries. Figure 7 shows the variations in the microhardness during each phase in the post-ECAR aged specimens. First, the microhardness increased from 83 H V 0.2 in the waterquenched state to 110 H V 0.2 in the 3-pass ECA rolled state because of the strain hardening effect of the ECAR process, Additionally, the microhardness increased up to 197 H V 0.2 after the first-step aging because of both the precipitation of the fine MgZn 2 particles and the gradual formation of the nanocrystalline structure as indicated in Fig. 2 . However, in Fig. 8 , the Vickers microhardness of ECA rolled samples was just $100 H V 0.2 even after six ECAR passes for the pre-ECAR aged sample. This hardness was much lower than the post-ECAR aged sample in Fig. 7 . Ignoring the effects of the precipitates, such as MgZn 2 , on the microhardness, this higher hardness value for the post-ECAR aged sample could be understood in terms of the grain refinement because the fine MgZn 2 precipitates blocked the grain boundary motion in Fig. 5 . The aging temperature for the pre-ECAR aged sample was higher than the post-ECAR aged sample, and large precipitates formed. However, even if the aging temperature was the same in the pre-ECAR aged and post-ECAR aged samples, high dislocation density that formed before aging acted as a nucleation source for the fine precipitates during post-ECAR aging because the severe plastic deformation accumulated through repetitive ECAR passes before aging. Therefore, the microhardness of the post-ECAR aged sample was higher than the ECA rolled sample after aging because of the formation of the fine precipitates and the nanocrystalline structure through the grain boundary blockage that was caused by the fine precipitates. The microhardness decreased to 152 H V 0.2 after the second aging step at 168 C. Therefore, the increase in microhardness that was caused by the formation of the nanocrystalline structure was not enough to offset the decrease in the microhardness that was caused by the coarsening of MgZn 2 and the relaxation of the tangled dislocations. Additionally, the abrupt decrease in the microhardness after the second-step aging at 340 C was caused by grain growth at the higher aging temperature.
Microhardness
Finally, some regions were still not resolved into grains after the second-step aging. Although the exact cause is unknown, this phenomenon was probably observed because of an insufficient aging time or an insufficient total strain during the post-quench ECAR. However, the aging time could not be prolonged because the coarser MgZn 2 precipitates would allow the pinned grain boundaries to move freely, resulting in the lack of a subsequent nanocrystalline structure. Therefore, additional ECAR passes or an alternate ECAR route is suggested in order to supply enough strain to render a more homogeneously refined substructure, [18] [19] [20] [21] which could result in the formation of a homogeneous nanocrystalline structure after aging.
Conclusions
Effects of the post-ECAR aging treatment on the microstructural evolution and strengthening were compared with them of the pre-ECAR aging for the ECA rolled 7050 Al alloy sheet. The nanocrystalline 7050 Al alloy with a grain size of $100 nm was produced by applying three post-quench ECAR passes and a consecutive two-step artificial aging on a wrought 7050 Al alloy sheet. This method promoted the nanocrystalline structure through the precipitation of fine MgZn 2 particles, which pinned the grain boundary motion. The post-ECAR aging method more effectively strengthened the 7050 Al alloy than pre-ECAR aging because high dislocation density formed before aging acted as a nucleation source for the MgZn 2 precipitates during post-ECAR aging, and the fine MgZn 2 particle induced the generation of the nanocrystalline structure. Fig. 8 The variation in the microhardness value (H v ) as a function of the number of ECAR passes in pre-ECAR aged samples. 13) 
